The effect of hyperthermia on cognitive function remains equivocal, perhaps because of methodological discrepancy. Using electroencephalographic eventrelated potentials (ERPs), we tested the hypothesis that a passive heat stress impairs cognitive processing. Thirteen volunteers performed repeated auditory oddball paradigms under two thermal conditions, normothermic time control and heat stress, on different days. For the heat stress trial, these paradigms were performed at preheat stress (i.e., normothermic) baseline, when esophageal temperature had increased by ϳ0.8°C, when esophageal temperature had increased by ϳ2.0°C, and during cooling following the heat stress. The reaction time and ERPs were recorded in each session. For the time control trial, subjects performed the auditory oddball paradigms at approximately the same time interval as they did in the heat stress trial. The peak latency and amplitude of an indicator of auditory processing (N100) were not altered regardless of thermal conditions. An indicator of stimulus classification/evaluation time (latency of P300) and the reaction time were shortened during heat stress; moreover an indicator of cognitive processing (the amplitude of P300) was significantly reduced during severe heat stress (8.3 Ϯ 1.3 V) relative to the baseline (12.2 Ϯ 1.0 V, P Ͻ 0.01). No changes in these indexes occurred during the time control trial. During subsequent whole body cooling, the amplitude of P300 remained reduced, and the reaction time and latency of P300 remained shortened. These results suggest that excessive elevations in internal temperature reduce cognitive processing but promote classification time. hyperthermia; cognitive function; auditory oddball paradigm; reaction time IN A HOT ENVIRONMENT, the rating of perceived exertion during exercise or work increases relative to temperate or cooler environments (37). Independent from peripheral muscle fatigue, hyperthermia-induced central fatigue impairs voluntary force production and neuromuscular function (31, 33), which is suggestive of a heat-induced impairment in brain function. Heat stress appears to impair cognitive function but these responses are likely task dependent including the complexity and/or duration of the cognitive tasks (15, 16, 18, 35) . The reason/mechanism of this task dependency in heat-induced changes in cognitive function has not been thoroughly investigated. Moreover prior evaluations relied on subjective responses that could be affected by the skill level or motivation of the participants. Given these issues, coupled with other methodological discrepancies, such as the environmental and physiological conditions across different studies, the effect of hyperthermia on cognitive function seems to be equivocal (11). Therefore a more systematic and objective investigation into the effect of hyperthermia on cognitive processing is required.
IN A HOT ENVIRONMENT, the rating of perceived exertion during exercise or work increases relative to temperate or cooler environments (37) . Independent from peripheral muscle fatigue, hyperthermia-induced central fatigue impairs voluntary force production and neuromuscular function (31, 33) , which is suggestive of a heat-induced impairment in brain function. Heat stress appears to impair cognitive function but these responses are likely task dependent including the complexity and/or duration of the cognitive tasks (15, 16, 18, 35) . The reason/mechanism of this task dependency in heat-induced changes in cognitive function has not been thoroughly investigated. Moreover prior evaluations relied on subjective responses that could be affected by the skill level or motivation of the participants. Given these issues, coupled with other methodological discrepancies, such as the environmental and physiological conditions across different studies, the effect of hyperthermia on cognitive function seems to be equivocal (11) . Therefore a more systematic and objective investigation into the effect of hyperthermia on cognitive processing is required.
Indexes of arousal and auditory preattentive processing, evaluated using electroencephalography (EEG), are impaired during heat stress (29, 38, 42) . However, these approaches did not include decision-making or working memory assessments. In addition, the effect of hyperthermia on the neural processing from stimulus detection to response execution remains unknown. In humans, event related potentials (ERPs), obtained by time-locked averaging EEG with high temporal resolution, are widely used to evaluate the reception and processing of sensory information, as well as higher level processing that involves selective attention, memory updating, semantic comprehension, and other types of cognitive activity (9) . In addition to task performance (i.e., reaction time, error rate, and so on), evaluation by EEG-ERPs (i.e., brain activity during the task) could objectively enhance the identification of the effects of heat stress on such responses. In this study, we chose the auditory oddball paradigm as a simple task trial to address the proposed hypothesis. Auditory stimuli change EEG potential around 100 ms poststimulus (N100) negatively and 300 ms poststimulus positively (P300). An evaluation of the peak amplitudes and latencies for P300 and N100 components of ERPs for a given thermal status would lead toward the identification of the effects of that thermal status (e.g., heat stress) on cognitive processing. Cognitive function, as evaluated by psychological subjective tests, is impaired by sleep deprivation or exhausted exercise but improved by mastication or moderate exercise, with these results being observed in the ERP signal (10, 12, 17, 22, 39) . We hypothesized that indexes of cognitive processing evaluated by ERPs will be impaired by whole body heat stress. Moreover, since body cooling in the hyperthermic condition reduces thermal strains, we further hypothesize that skin surface cooling immediately after heat stress will improve cognitive processing.
METHODS
Fifteen male subjects participated in this study, but the data from two participants were excluded because of frequent blinking and eye movement that confounds the measures. The age, body mass, and height of the thirteen subjects were 20.8 Ϯ 0.9 yr, 83.6 Ϯ 8.1 kg, and 173.2 Ϯ 6.5 cm. All participants were college rugby players who trained 4 days/wk. This study was done from early in May until end of June. No subjects had a history of adverse medical conditions, including auditory, neurological or psychiatric disorders. All subjects were informed of the study protocol and risks before providing their written informed consent. The study was approved by the Ethics Committee of the Nara Women's University, Nara, Japan. The protocol was performed in accordance with the Declaration of Helsinki.
Experimental procedures. Subjects arrived at a temperature-controlled laboratory (26 Ϯ 1°C) at least 2 h after a light meal. Following nude body mass measures, a thermocouple was inserted into the nasal passage to a distance equivalent to one-fourth of the subject's height, and six thermocouples were attached to the skin (chest, abdomen, upper and lower back, thigh and calf) to measure mean skin temperature. Subjects were instrumented for the measurement of heart rate and intermittent arterial blood pressure from an electrocardiogram (Biomulti 1000, NEC, Tokyo, Japan) and auscultation of the brachial artery via electrosphygmomanometry (STBP-780, Colin, Tokyo, Japan), respectively. Each subject, wearing only underwear and short pants, was dressed in a tube-lined water-perfused suit (Med-Eng, Ottawa, Ontario, Canada). The water-perfused suit covered the entire body, except for the head, face, hands, and feet. The subjects rested quietly in the semi-supine position at least 30 min while normothermic water (33°C) perfused the suit to maintain a thermoneutral condition. After EEG electrodes were attached, subjects received instruction regarding the auditory oddball paradigm (see description below) and practiced it several times (ϳ20 trials). Then, the first evaluation (1st session) was performed while the subject was in a normothermic condition (preheat stress baseline). Next, passive heat stress began by perfusing 50°C water through the suit. The 2nd and 3rd evaluations were performed when esophageal temperature increased by ϳ0.8°C (Mild) and ϳ2.0°C (Severe), respectively, from preheat stress baseline. To attenuate the rate of increase in internal temperature during these evaluations, water temperature was slightly reduced when esophageal temperature approached 0.7°C and 1.9°C. After the 3rd session, cold water (25°C) was immediately perfused through the suit to decrease mean skin temperature. Three minutes after the onset of cooling, each subject performed a 4th evaluation (4th session). Subjects conducted this heat stress trial first, which was necessary to determine the duration of the subsequent normothermic time control trial, conducted a minimum of 3 days later. Thus the time for each auditory oddball paradigm for this time control trial was determined by the timing of the respective paradigm in the heat stress trial.
Auditory oddball paradigm. The auditory oddball paradigm, which assesses selective attention and choice reaction time, was selected since it is a relatively short cognitive task, thus enabling us to obtain the data at relatively constant skin and core temperatures across the trial. The auditory stimulation employed had the following characteristics: a pure tone (55 dB sound pressure level), 500 ms duration, 10 ms rise time, 10 ms fall time, presented binaurally through headphones. Two tones were presented with the probability of the presentation of the target tone (2,000 Hz; 20%) being less than the probability of the presentation of the non-target tone (1,000 Hz; 80%). The stimuli were presented at a random order, with the interval of presentation fixed at 2 s. The subjects responded by pushing a button with their right thumb as quickly as possible after the presentation of the target tone only (2,000 Hz). The subjects kept their eyes open and focused at a small fixation point positioned in front of them at a distance of ϳ1 m throughout each oddball paradigm. Each session comprised 150 epochs of stimulation, which included 30 presentations of the target tone and 120 presentations of the non-target tone.
Electroencephalogram (EEG recordings).
EEGs were recorded with Ag/AgCl disk electrodes placed on the scalp at Fz, Cz, Pz, C3, and C4, according to the International 10 -20 System. Each scalp electrode was referenced to linked-earlobes. The ground electrode was placed at Fpz. To aid in the elimination of data during eye movements or blinks an electro-oculogram was recorded bipolarly with a pair of electrodes placed 2 cm lateral to the lateral canthus of the right eye and 2 cm above the upper edge of the right orbit. The impedance was maintained at less than 5 kohm, with this impedance confirmed before each oddball session. If the impedance exceeded 5 kohm, the electrode was repasted at that location and the correct impedance confirmed.
Evaluation of cognitive processing and auditory processing. For ERP studies, P300 (or P3b) is one of the most widely studied components with a parietal distribution on the scalp, and has been linked to the cognitive processes of context updating, context closure, and event-categorization (4, 7, 20) . The amplitude of P300 is proportional to the amount of attentional resources devoted to a given task, whereas the latency is considered a measure of stimulus classification speed or stimulus evaluation time and is generally unrelated to response selection processes (9, 21, 24, 34) . In addition to P300 measures, we also evaluated an earlier negative component, N100 (or N1), which is identified just prior to P300 during the auditory oddball paradigms. N100 has a frontocentral distribution on the scalp and is detected ϳ100 ms after the auditory stimulus onset, indicating neural activities relating to auditory processing (1, 2, 25) .
Data collection and analysis. EEG signals were collected on a signal processor (Neuropack MEB-2200 system, Nihon-Kohden, Tokyo, Japan). The analysis epoch for each ERP stimulus was 600 ms, including a prestimulus baseline period of 60 ms. The bandpass filter was set at 0.1-50 Hz and the sampling rate was 1,000 Hz. No digital filter was applied off-line. The N100 and P300 responses were averaged across the five electrodes (i.e., Fz, Cz, Pz, C3, C4). The peak amplitude and latency of the N100 and P300 components of the EEG were measured at 70 -130 ms and 240 -500 ms, respectively, based on previous studies investigating the characteristics of N100 and P300 components (1, 2, 9, 25, 30, 44) . That is, the N100 peak was defined at the most negative value within 70 -130 ms following the stimulus, and the P300 peak as the most positive value within 240 -500 ms following the stimulus. If the P300 component showed double peaks, we evaluated the value from the largest peak. The amplitudes were measured baseline-to-peak. N100 and P300 peak amplitude and latency responses were analyzed by two-way analysis of variance (ANOVA) with repeated measures using within-subjects factors of trial (heat stress vs. time control) and oddball session (1st, 2nd, 3rd, and 4th). Data specific to the heat stress trial were analyzed by one-way ANOVA with repeated measures using within-subjects factors of session (1st, 2nd, 3rd, and 4th). Esophageal temperature and heart rate were continuously measured and sampled at 20 Hz via a data acquisition system (MP150, BIOPAC Systems, Santa Barbara, CA), while blood pressure was obtained before and after each oddball paradigm evaluation. Skin temperatures were continuously measured and sampled at 1 s via another data acquisition system (DA100, YOKOGAWA, Tokyo, Japan). Mean skin temperatures were calculated from the weighted average of six points (45) . Mean body temperature was calculated as: mean body temperature ϭ 0.9 ϫ esophageal temperature ϩ 0.1 ϫ mean skin temperature.
Sixty seconds of averaged data were obtained for thermoregulatory variables and heart rate before and after each auditory oddball evaluation. Statistical analyses were conducted using SPSS (version 21). Since four subjects declined to insert the esophageal temperature probe for the time control trial, thermoregulatory variables for the heat stress trial were analyzed by one-way ANOVA with repeated measures using within-subjects factors of session (1st, 2nd, 3rd, and 4th). Hemodynamic variables and the behavioral data (i.e., the mean reaction time and omission error) were analyzed by two-way ANOVA with repeated measures using within-subjects factors of trial and session. For all repeated measures factors with more than two levels, a Mauchly's sphericity assumption evaluation was performed. A Greenhouse-Geisser adjustment was used if the results of that test were significant. When a significant main effect was identified, a Student-Newman-Keuls test was employed to identify specific differences. Statistical significance was set at P Ͻ 0.05.
RESULTS
Whole body heating increased thermoregulatory variables and heart rate, while mean arterial blood pressure was maintained (Table 1) . Esophageal temperature slightly increased during the heating oddball sessions (2nd: 37.67 Ϯ 0.22°C to 37.76 Ϯ 0.25°C; 3rd: 38.79 Ϯ 0.22°C to 38.84 Ϯ 0.22°C), but the changes were within 0.1°C. Subsequent whole body cooling decreased thermoregulatory variables and heart rate. Importantly during the 4th session (i.e., cooling) mean body temperature was returned to a level not different from mild heating (Table 1) , while esophageal temperature remained elevated relative to preheat stress baseline and the 2nd session. None of these variables changed during the time control trial. Body mass loss was 1.46 Ϯ 0.43 kg (1.76 Ϯ 0.53% of baseline body wt) in the heat stress trial and was unchanged in the time control trial.
For the mean reaction time, a significant interactive effect of thermal trial ϫ session was found (P Ͻ 0.003), suggesting a difference of the mean reaction time between the heat stress and time control trails across the repeated sessions. In the heat stress trial, the mean reaction time was significantly shorter at the 3rd (P Ͻ 0.032) and 4th sessions (P Ͻ 0.008), relative to the time control trial. For the omission error rate, no significant main effect or interaction was observed (Fig. 1) . Figure 2 shows location-specific averaged waveforms of P300 between 1st and 3rd sessions in the heat stress trial. Consistent with this observation, the ANOVAs for the mean peak amplitude of P300 revealed significant main effects of session (P Ͻ 0.05). Subsequent analysis showed the peak P300 amplitude was significantly smaller in the 3rd and 4th sessions relative to the 1st session during the heat stress trial (P Ͻ 0.05), but not during the time control trial (see Fig. 3 ). The peak latency of P300 gradually shortened during heat stress relative to the preheat stress baseline and remained shorter during whole body cooling (all, P Ͻ 0.05 from the baseline). At the 3rd and 4th sessions, the peak latency of P300 was significantly shorter in the heat stress trial (278 Ϯ 8 and 285 Ϯ 6 ms, respectively; both P Ͻ 0.05) relative to the time control trial (287 Ϯ 7 and 310 Ϯ 9 ms; both P Ͻ 0.05). The peak amplitude and latency of N100 did not change throughout the experiment regardless of the thermal condition (Fig. 4) .
DISCUSSION
This study objectively demonstrated that an index of brain active potentials (i.e., amplitude of P300) decreased when internal temperature was excessively increased while the indicator of stimulus classification/evaluation time (i.e., latency of P300) as well as reaction time was shortened. These results persisted during the cooling phase when mean skin temperature decreased appreciably, along with relatively small decreases in internal temperature. On the other hand, the amplitude and latency of N100, indicating auditory function, was not altered by heat stress. Importantly, throughout the time control trial no variables were altered.
Effect of hyperthermia on reaction time. Reaction time is defined as the time from stimulus onset to the measured response. This is an important measure for understanding sensorimotor performance in humans, including components such as stimulus evaluation and response selection (8, 24) . During moderate hyperthermia, some studies reported shortened choice reaction time (13, 41) , while some studies reported no or insignificant changes (15, 36) . In general, the latency of P300 is considered a measure of stimulus classification speed or stimulus evaluation time (21) . The reaction time was shortened by heat stress regardless of whether it was compared with preheat stress baseline or the time control trial. These results suggested that increased body temperature accelerates reaction to the stimuli. We previously observed that the conduction velocity of the ascending somatosensory input, evaluated by EEG, is accelerated by increases in body temperature (26) . Moreover, White et al. (46) observed that central motor conduction time was shortened during heat stress. Given those observations, a shortened P300 latency and reaction time during heat stress in the present study might reflect a change in conduction velocity in response to executional processing.
Effect of hyperthermia on cognitive processing. It is noteworthy that the amplitude of P300 (i.e., brain active potential) was reduced during severe heat stress. Although the impedance Values are means Ϯ SE. In the heat stress trial, session 1 is preheat stress, sessions 2 and 3 are after esophageal temperature increased by approximately 0.8°C and approximately 2.0°C, respectively, and session 4 is after 3 min of cooling post-heat stress. In the time control trial, since subjects performed the auditory oddball paradigms at approximately the same time interval as they did in the heat stress trial, time courses are matched. P Ͻ 0.05: *from 1st session; †from 2nd session; ‡from 3rd session.
of each electrode was verified for each trial, changes in sweat rate during the task could shift baseline potential of the EEG recordings, which might affect amplitude. However, the amplitude of N100 did not change throughout the experiment (Fig. 4) . Also, we previously observed that the peak amplitude of P25 and N60 at C4= decreased in sweating subjects but did not change at N20, N35 and P45 (26) . Therefore the observed reduced amplitude of P300 to heat stress was unlikely affected by sweat-induced shifts in potential as that would result in changes in both N100 and P300. Previous studies reported that arousal level, evaluated by EEG power spectrum (ratio of alpha/beta frequencies), is reduced during prolonged exercise in the heat (29, 38) . Reduced alertness due to a prolonged heat stress could affect assessments of cognitive function. Cabanac (6) suggested that when the internal temperature was high, cold or cool stimuli were perceived as being comfortable and increased alertness. In the present study, we added a rapid whole body cooling session (4th session) after the heat stress, which decreased mean body and mean skin temperatures (Table 1) and greatly improved subject comfort. It is noteworthy that the cooling session was performed at a point where mean body temperature was similar with the 2nd session. Despite this reduction in skin temperature and improved comfort, in this 4th session the amplitude of P300 remained decreased. These results suggest that elevated internal temperature above a particular threshold, regardless of skin temperature, is likely the mechanism of modulating cognitive processing as measured by P300 amplitude, not simply changes in comfort/alertness.
Hyperthermia is associated with a decrease in cerebral blood flow, which is mainly caused by hypocapnia secondary to hyperventilation (5, 28, 47) . Given those observations, it is possible that the observed heat stress-induced alterations of cognitive processing are due to reduced cerebral blood flow. Neuronal activity, such as visual cortex stimulation paradigms, increases cerebral blood flow but hypocapnia-induced cerebral vasoconstriction inhibits this increase (43) . That said, Rasmussen et al. (38) concluded that reduced alertness during hyperthermia was unrelated with decreased cerebral blood flow. Also, hyperthermia did not alter the increase in cerebral perfusion during cognitive activation (40), while Ogoh et al. (32) elevated cerebral blood flow, which was reduced during prolonged exercise, yet deficits in cognitive function persisted. Taken together, it is unlikely that reduced cerebral blood flow that occurs in hyperthermia is related to the observed changes in cognitive processing.
Limitation of study. Previous studies have investigated the generator mechanisms of the auditory P300 (or P3b) component evoked by using electrical dipole modeling, intracerebral recordings, and magnetoencephalography (14, 19, 30, 44) . These studies provided evidence that P300 activity originates from multiple cerebral regions, such as the superior temporal regions, parietal cortex, temporal-parietal junction, and hippocampal area. The present study could not directly address which brain regions were affected by heat stress because we did not use dipole or independent component analyses.
Recently, Yoshioka et al. (48) reported regional differences in the increase in brain temperature during dynamic exercise. Since our measure of internal temperature was from the esoph- Post hoc testing revealed that the mean reaction time for heat stress trial was significantly shorter in the 3rd and 4th sessions relative to the 1st session (*P Ͻ 0.05), respectively. Further analysis for trial on each session showed strong tendencies of difference between heat stress and time control trials at 3rd and 4th sessions (#P Ͻ 0.05, respectively). Bottom: mean error rate for the heat stress and time control trials. Black circles indicate the error rate in heat stress, and gray squares show the error rate in time control. Heating had no effect on error rate. Values are means Ϯ SE. Fig. 2 . Grand averaged event-related potentials (ERP) waveforms at five sites (Fz, Cz, Pz, C3, and C4) between preheating baseline (1st session) and during severe heat stress (3rd session) in the heat stress trial. Gray dashed lines show the waveforms in the 1st session. The amplitudes and latencies of P300 in 3rd session are clearly smaller and shorter, respectively. agus, we cannot rule out the possibility that regional differences in the increase in brain temperature contributed to deceases in P300 amplitude. Furthermore, dehydration associated with heat stress may contribute to impaired cognitive function (3) . In this study, body mass loss (i.e., sweat rate) was 1.46 Ϯ 0.43 kg in the heat stress trial, which was 1.76 Ϯ 0.53% of baseline body weight. Although not measured, such a level of dehydration likely increased plasma osmolality, which may contribute to the present observations. Previous studies indicated that repeated target presentation, such as that employed with the auditory oddball test, decreases the amplitude of P300 and increases for the latency of P300 (23, 27) . To minimize this effect, in the present protocol the auditory oddball test was performed in only 4 sessions. Moreover, the heat stress trial always preceded the normothermic time control trial, by a minimum of 3 days. This was necessary given differences in the duration necessary to achieve the desired level of heating for each subject. This normothermic time control trial was included to account for any possible changes in P300 due to repeated test exposures in the absence of heat stress. Notably, the amplitude and latency of P300 was not altered throughout this time control trial (Fig. 3) . This observation reinforces our contention that the observed changes in P300 responses are associated with the heat stress and not repeated exposure to the test.
Perspectives and Significance
With the use of the EEG-ERP technique, the effect of hyperthermia on cognitive processing was objectively demonstrated in this study. In most studies using this technique, the observed results are consistent with those in psychological subjective tests [e.g., cognitive function is impaired by sleep deprivation or exhausted exercise but improved by mastication or moderate exercise (10, 12, 17, 22, 39) ]. Interestingly, we observed opposite responses in P300, i.e., shortened latency and reduced amplitude. The shortened latency of P300 indicates that increased internal temperature accelerates classification/evaluation time to a simple task. Given that the conduction velocities of the ascending somatosensory input and central motor conduction time are shortened during heat stress (26, 46) , coupled with the present findings, the choice reaction time to a simple task is shortened by heat stress. The amplitude of P300 was decreased during severe heat stress and remained decreased during subsequent skin surface cooling, suggesting that brain active potentials are impaired by elevations in internal temperature independent of skin temperature. Although speculative, the reduced brain active potential might contribute to decreased response to complex tasks in heated conditions.
In conclusion, the present results demonstrate a shortened latency of P300 and shortened reaction time to a simple task while heat stressed, while an index of cognitive neural processing, P300 amplitude, was reduced under such thermal conditions. Notably, decreases in skin temperature associated with rapid cooling did not return either of these responses to levels observed prior to heat stress or to comparable sessions in the time control trial. Finally, an index of auditory function (i.e., latency and amplitude of N100) was not altered throughout the experiment.
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M. Shibasaki is currently receiving a grant from the Descente and Ishimoto memorial foundation for the promotion of sports science, and H. Nakata from 15H05361 JSPS KAKENHI Grant-in-Aid for young Scientists Fig. 3 . The mean P300 peak amplitude in heat stress (top) and time control (bottom) trials, averaged across all electrodes. Post hoc test showed that the peak amplitude was significantly smaller in 3rd and 4th sessions relative to the 1st session during the heat stress trial (*P Ͻ 0.05, respectively). Values are means Ϯ SE. Fig. 4 . Grand averaged event-related potentials (ERP) waveforms at Pz comparing the heat stress and the time control trials. Black lines and gray dashed lines show the heat stress trial and the time control trial, respectively. Black and gray arrows directed downward show the peak of N100 component, and black and gray arrows directed upward indicate the peak of P300 component. N100 amplitudes and latencies are similar between trials regardless of sessions. However, P300 amplitudes and latencies are clearly smaller and shorter for the heat stress trial relative to the time control trial.
